To explore the consequences of the quark structure of baryons with regard to the binding mechanism of a hypernucleus, we evaluate the binding energy reduction produced by the elimination of a special five-baryon quark Pauli-forbidden configuration. A simple method of eliminating general forbidden configurations is proposed and its usefulness is confirmed by comparison to other methods. The binding energy reduction becomes noticeable at a baryon size of 0.6 fm and becomes significantly large at 0.86 fm (the size of a free proton) for One of the most interesting topics in hypernuclear physics is whether one can learn new things characteristic of strange particles. The purpose of the present study is, as one such possibility, to extend a previous study 2) to the case of double Λ hypernuclei with mass number A = 5 and 6. We found in Ref.
To explore the consequences of the quark structure of baryons with regard to the binding mechanism of a hypernucleus, we evaluate the binding energy reduction produced by the elimination of a special five-baryon quark Pauli-forbidden configuration. A simple method of eliminating general forbidden configurations is proposed and its usefulness is confirmed by comparison to other methods. The binding energy reduction becomes noticeable at a baryon size of 0.6 fm and becomes significantly large at 0.86 fm (the size of a free proton) for Strangeness or hypernuclear physics has been attracting increasing attention in recent years. See, for example, Ref. 1) for recent experimental and theoretical developments. The search for hypernuclei with strangeness −2 is of particular interest. One of the most interesting topics in hypernuclear physics is whether one can learn new things characteristic of strange particles. The purpose of the present study is, as one such possibility, to extend a previous study 2) to the case of double Λ hypernuclei with mass number A = 5 and 6. We found in Ref.
2) that the Λ separation energy of 5 Λ He begins to decrease at a baryon size larger than 0.6 fm. The problem we face here is of a general character: When the constituent particles of a given system are made of more fundamental particles, what restrictions does the Pauli principle acting at the level of such subparticles create on the motion of the constituents? In fact this is a very practical problem we encounter in atoms and nuclei, for example, in nuclear cluster models. 3) Since a nuclear cluster consists of nucleons, the relative motion between two clusters, especially at short distances, is influenced by the Pauli principle applied to all the nucleons of the clusters. Then some specific states exist which are not allowed for the relative motion function. The elimination of such forbidden states from the Hilbert space is a basis of Saito theory 4) for composite-particle scatterings.
In order to consider possible Pauli-forbidden states in Λ hypernuclear systems, we assume that the proton p, the neutron n and the Λ are the three-quark systems uud, udd and uds, respectively. The orbital motion of each quark is assumed to be described by a (0s) harmonic-oscillator function, exp(−ρ 2 /2b 2 ), with a size parameter b. The orbital part of the baryon wave function is expressed as
where r 1 = wave function for the ppnnΛ, ppnΛΛ, or pnnΛΛ system takes the form
where φ (sfc) is the spin-flavor-color part of the baryon, Ψ (r 1 , · · · , r 5 ) is the relative motion function between the baryons, and A q is the antisymmetrizer of the quarks. There may exist functions Ψ (r 1 , · · · , r 5 ), called "Pauli-forbidden," for which Φ vanishes identically. It is easy to conclude that
is manifestly Pauli-forbidden, where R = (3) is simplest among the possible forbidden states, and it corresponds to a unique configuration in which the five baryons are on top of one another. Note that the existence of this forbidden state is never expected from the Pauli principle at the baryon level, where Λ is distinguished from N . The consequence of the Pauli-forbidden state is that the relative motion function Ψ between the baryons must remain in the subspace which is orthogonal to the forbidden state; that is, ψ F |Ψ = 0. This constraint applies to hypernuclei with A ≥ 5. It is possible to show that no forbidden state exists for A = 3, 4 hypernuclei of current interest. In what follows we calculate how much the elimination of the forbidden state (3) reduces the binding energies of 5 Λ He, 5 ΛΛ H, 5 ΛΛ He and 6 ΛΛ He. Since the quark is confined in the baryon, the parameter b determining its spatial extent has to be chosen appropriately. 5) A reasonable guess for b is made from the charge radius of the proton, leading to b ≈ 0.86 fm. Actually, the baryon structure is complicated, and the value of b = 0.86 fm could be a maximum acceptable value. In the extreme limit of the quark shell model, 6) b would be determined from the size of the hypernucleus. By contrast the choice of b = 0 would correspond to another extreme limit, in which the baryon has no quark structure and thus in which there is no quark Pauli effect. A qualitative estimate of the quark Pauli effect in an A = 5 hypernucleus may be obtained as follows: Letting R denote its radius, the probability of finding the five baryons in the forbidden state is proportional to ((b/ √ 3)/R) 3 . The kinetic energy of the forbidden state is (R/(b/ √ 3)) 2 times the total kinetic energy of the hypernucleus, which is on the order of a few tens of MeV. The reduction in the binding energy is thus expected to be on the order of 1 MeV.
There is a sharp contrast between the nuclear and baryon clusters in evaluating the Pauli effect. The constituent particle in the former case is the nucleon, so the equation of motion of the clusters can be solved by using the nucleon-nucleon interaction. In the latter case, however, the constituent is the quark, and at present we cannot determine the baryon dynamics from the quark-quark interaction. We must rely on the baryon-baryon interaction in the latter case, and the Pauli effect can be taken into account by restricting the configuration space available for the baryons.
In order to quantitatively evaluate the binding energy reduction due to the quark Pauli effect, the variational trial function must be chosen in a sufficiently flexible form. We assumed that the trial function for the total orbital angular momentum L = 0 is given by a combination of the correlated Gaussians G:
Here A B is now the operator antisymmetrizing identical baryons,
is a set of relative (e.g. Jacobi) coordinates, and 11) we calculated the energy of the pnΛΛ system and found that the system becomes particle-bound only when it is in the J π = 1 + , T = 0 state. As shown in Table I , the quark Pauli effect leads to a significant reduction of the binding energy for 5 Λ He at b = 0.86 fm. As discussed in Ref.
2), this effect plays an important role in resolving the anomaly in the 5 Λ He binding energy (see, e.g., Refs. 12) and 13)) provided this choice of the baryon size is acceptable. The quark Pauli effect becomes much smaller in 5 ΛΛ H and 5 ΛΛ He. This reflects the fact that these states are spatially more extended than 5 Λ He. In fact, the root mean square (rms) radius of 5 ΛΛ H (and also 5 ΛΛ He) is 2.0 fm, while the rms radius of 5 Λ He is 1.6 fm. In the above example, we have treated five-baryon systems, so the elimination of the forbidden state does not pose any problem and it was accomplished by using Eq. (6) . In extending to systems consisting of large numbers of particles, however, this does not work any longer, and some appropriate methods have to be developed.
The most general method of eliminating the forbidden space is given by constructing the Feshbach projection operator. 14) For many interesting problems, however, a direct application of this method is too difficult. An effective method frequently used is the orthogonal projection method (OPM), 15) which becomes practical in the case that the forbidden state is defined as a state between a pair of particles. The basic idea of the method is to add to the Hamiltonian a pseudopotential of nonlocal type,
and to obtain the solution by making the positive constant λ as large as possible.
There are a number of applications of OPM in nuclei and atoms (see, e.g., Refs. 16) and 17)). The OPM becomes tedious, however, when the forbidden state is given as a multi-particle configuration, as in the present case. We propose an alternative, practical method of eliminating the forbidden state in the variational calculation. We note that the forbidden space may be spanned by
where the function f a describes an arbitrary configuration for the particles that are not involved in defining the Pauli-forbidden state. The label a serves to distinguish a set of all the possible configurations. As mentioned above, it is extremely difficult to construct the complete set for the subspace spanned by the forbidden states γ a . It is, however, useful to note that the variational energy should increase by imposing the Pauli constraint on the wave function. The more complete the construction of the subspace of the forbidden states, the higher the variational energy. This reasoning suggests that we construct the basis set of the forbidden states in such a way that the energy becomes a maximum. The trial function can in general be expressed as
where Γ a is an orthonormal set of functions constructed from γ a . In the stochastic selection procedure the basis set Ψ k is chosen so as to minimize the energy, whereas the set Γ a is chosen to maximize the energy. The variational solution is obtained by reaching a point which is stationary with respect to the increase of the basis dimension K of Ψ k as well as that of the basis dimension K F of Γ a . We have tested this new elimination method in a few examples by comparing with other methods. The first example is a solvable problem, a system of three spinless identical bosons with mass m interacting via the harmonic-oscillator potential The potential has two S-wave and one D-wave bound states, and they are Pauliforbidden, corresponding to the fact that the α-α system has no bound state. Table  II compares the lowest 0 + energy obtained in the present method with that of the OPM. 19) The energy convergence is rather slow in the OPM, whereas the present method gives a stable, converged energy with small basis dimension K. We have calculated the binding energy of 6 ΛΛ He in a complete six-body treatment. As mentioned above, this system has three types of forbidden states (3), containing ppnnΛ, ppnΛΛ and pnnΛΛ combinations. The function f a in Eq. (8) is approximated by Gaussians, as in the first example. Table III lists the energies obtained by excluding the forbidden states. The energy obtained without the quark Pauli effect (b = 0) is apparently overbound. Eliminating the forbidden states leads to a surprisingly large reduction in the binding energy. In order to determine whether or not this large effect is due to the choice of the ΛΛ potential, we have repeated the calculation by using another ΛΛ potential determined by the quark cluster model. 20) This potential has a much smaller core height at short distances than does that of Ref. 10). The result remained the essentially the same. We found that the energy reduction is rather insensitive to the core height. The rms radius of 6 ΛΛ He is calculated to be 1.6 fm, considerably smaller than that (2.0 fm) of 5 ΛΛ H, which leads to a larger quark Pauli effect in 6 ΛΛ He. In summary, we studied the consequences of the quark structure of the baryons with regard to the binding energies of Λ-and ΛΛ-hypernuclei. We showed that, though the Λ particle can be distinguished from the nucleon, the quark model predicts a special forbidden state involving five baryons. The method proposed here for
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Vol. 102, No. 1 eliminating the forbidden space has proven to be powerful and practical. Without taking into account the quark Pauli effect, the ΛN and ΛΛ interactions that are equivalent to the meson theoretical or the quark cluster model potentials lead to a substantial overbinding of the Λ separation energies of 5 Λ He and 6 ΛΛ He as well as 9 Λ Be. 2) By eliminating the forbidden states we found that the binding energies start to decrease at the baryon size of b = 0.6 fm and become significantly small at the size of free baryons, b = 0.86 fm. Since the forbidden states considered here are many-body configurations involving five baryons, the Pauli effect cannot be revealed through a study on the baryon-baryon interaction alone. In other words, a full understanding of the binding mechanism of the hypernuclei may not be attainable only through knowledge of the two-and three-body interactions of the baryons.
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